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Abstract: Whole-genome studies involving a phenotype of interest are increasingly prevalent, in part due to a dramatic 
increase in speed at which many high throughput technologies can be performed coupled to simultaneous decreases in 
cost. This type of genome-scale methodology has been applied to the phenotype of lifespan, as well as to whole- 
transcriptome changes during the aging process or in mutants affecting aging. The value of high throughput discovery- 
based science in this field is clearly evident, but will it yield a true systems-level understanding of the aging process? Here 
we review some of this work to date, focusing on recent findings and the unanswered puzzles to which they point. In this 
context, we also discuss recent technological advances and some of the likely future directions that they portend. 
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INTRODUCTION 

Aging, characterized by a finite organismal lifespan and a 
gradual decrease in function at the organismal and molecular 
level, is a fundamental unsolved problem of biology [1, 2]. 
Although at one time it may have been possible to imagine 
that aging represented only an entropic process similar to the 
malfunctioning of a piece of machinery, it has now become 
clear that aging and lifespan are genetically malleable, and 
are regulated in much the same way as many developmental 
processes. The social and economic costs of aging and age- 
related diseases cannot be overstated. There is an on-going 
dramatic global increase in the number of individuals over 
the age of 65, with most having one or more chronic disease 
conditions. 

Several signalling pathways affecting lifespan have been 
discovered, which are in some cases conserved across multi- 
ple species ranging from yeast to humans [3-7]. Among the 
foremost are the TOR [8-11] and the Insulin/IGF signalling 
[12-14] pathways. Once it became clear that single-gene 
mutations and deletions could dramatically affect lifespan in 
well-studied model organisms [12, 13, 15], several genome- 
wide screens were undertaken in an attempt to identify as 
complete a set of longevity genes as possible. These screens 
have been done in the budding yeast S. cerevisiae, the nema- 
tode C. elegans, and fruit flies, all of which will be discussed 
below (see also the accompanying review in this issue by 
Bennet et al. [16]), as well as in E. coli [17]. Here we will 
restrict ourselves largely to a survey of recent work in non- 
human model organisms. The results of these studies have 
begun to shed light on many of the genes and processes that 
can affect lifespan and healthspan. At the same time, there 
are discordant results in some of the screens that should 
overlap. This and other data suggest that these screens are 
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not saturated; that is, there are more lifespan and healthspan 
influencing single gene mutations and deletions to be found. 
Even so, it should be possible to continue combining large 
sets of existing data to make additional genome-scale infer- 
ences about processes involved in aging. In addition, new 
techniques to allow faster high-throughput lifespan assays 
may permit screening this phenotype at a much higher reso- 
lution across whole genomes in the near future. Simultane- 
ously, rapid progress in bioinformatic approaches should 
make it possible to extract even more genome-scale infer- 
ences about lifespan- affecting loci by combining existing 
large data sets. 

GENOME-SCALE SCREENS FOR INCREASED LIFE 
SPAN 

Aging in the relatively simple eukaryote budding yeast 
Saccharomyces cerevisiae has been extensively studied and 
is complemented by research in other fungi, including 
Schizosaccharomyces pombe [18, 19], Podospora anserina 
[20-22], and Neurospora crassa [23]. S. cerevisiae lifespan 
has been measured in at least two ways. Chronological 
lifespan (CLS) measures the continued viability of yeast in a 
post-replicative culture over time, and as such may be a rea- 
sonable model for the survival of long-lived non-dividing 
cells in metazoans [24-27]. Replicative lifespan (RLS) 
measures the number of daughter cells that a single yeast 
mother cell can give rise to by budding, and may be a better 
model for the senescence of continuously dividing cells such 
as stem cells [28, 29]. For chronological lifespan, a genome- 
wide screen of a portion of the S. cerevisiae deletion collec- 
tion [30] has been completed [31]. This screen uncovered an 
overrepresentation of deletions affecting the TOR signalling 
pathway among those strains exhibiting increased CLS. The 
TOR pathway is activated by reduced intracellular amino 
acid levels [32], particularly glutamine levels [33], and this 
screen showed CLS extension arising from the deletion of 
several genes involved in glutamine metabolism, as well as 
from treatment with two known TOR inhibitors, rapamycin 
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[34-36] and methionine sulfoximine [37]. A more recent 
microarray bar-code based whole genome screen for CLS 
phenotypes identified genes involved in purine biosynthesis 
and import, as well as several novel, previously unstudied 
genes, whose deletion extended yeast CLS [38]. Interest- 
ingly, the TOR pathway was also identified in a partial 
screen of the same collection for yeast gene deletions which 
extend replicative lifespan, along with sch9A [9]. This screen 
of -4800 single gene deletion strains for increased RLS has 
now been completed (Kaeberlein and Kennedy labs, manu- 
script in preparation), giving a snapshot of this phenotype at 
near genome-scale (all viable deletions). Additional study 
has already been devoted to several sets of gene deletions 
discovered during the progress of this screen. This has re- 
vealed a very large overrepresentation for components of the 
ribosome [39, 40], which had been independently noted to 
extend both yeast RLS [41] and C. elegans lifespan [42]. It 
has also revealed a role for the proteasome in yeast RLS 
[43], and again the proteasome has been shown to affect both 
C. elegans lifespan [44-47] and S. pombe CLS [48, 49]. One 
future direction for this work should focus on the phenotype 
of lowered expression for those genes whose deletions are 
inviable, for example by the use of the tetracycline repressi- 
ble promoter collection of essential yeast genes [50]. The 
fact that not all previously studied lifespan-extending dele- 
tions appeared in the RLS screen suggests that there is some 
room for further saturation, perhaps by using very recent 
advances in high throughput RLS screening that will be dis- 
cussed below. Similarly, the incomplete overlap of findings 
from the two CLS screens, though easily ascribable to their 
very different methodologies, suggests that additional CLS 
affecting gene deletions likely remain to be identified. 

Another very successful model organism in the study of 
lifespan has been the nematode C. elegans [51, 52]. Using 
RNAi by feeding [53] via large-scale libraries which cover 
most worm ORFs [54-56], several screens for increased 
lifespan have been completed [57-60]. As in S. cerevisiae, 
ribosomal components and genes involved in translation 
were well represented [42]. Mitochondrial genes [57, 58], 
largely those involved in oxidative phosphorylation, were 
also identified (see the accompanying review by Hwang et 
al. in this issue [61]). In cases where these screens cover 
overlapping worm chromosomes, the concordance of their 
findings is lower than might be expected. These differences 
are definitely due in part to variable and imperfect efficiency 
of worm gene knockdown by feeding RNAi, and also differ- 
ences in the protocols used in each screen (time of onset of 
RNAi treatment being a prime example). The possible rea- 
sons for these differences have been discussed in more detail 
previously [62, 63]. Following the initial screens, additional 
work was done to look at genes whose RNAi would not al- 
low worms to successfully reach adulthood, excluding them 
from the earlier findings [64, 65]. In these two studies, both 
groups once again found components of the ribosome and 
genes involved in the regulation of translation to be over- 
represented, among others. Although there is some striking 
overlap, what is clear from the lack of more complete con- 
cordance in positive hits is that these screens have not yet 
saturated discovery of most or all lifespan affecting hypo- 
morphs in C. elegans. This provides a strong motivation to 
leverage other methods to complete a saturating screen for 
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this phenotype. As in the case of S. cerevisiae, this may now 
be possible to do in a very direct way by using recently de- 
veloped high-resolution, high-throughput methods described 
in the next section. In the meantime it will also be important 
to leverage data from other species, including the recently 
completed yeast RLS screen, to suggest candidates for 
higher resolution testing for worm lifespan when orthologs 
can be identified. Interestingly, in comparing the two species 
described thus far, deletions shown to extend the lifespan of 
S. cerevisiae are significantly more likely to also extend the 
lifespan of C. elegans, quantitatively confirming a high de- 
gree of conservation of these genes and pathways [66, 67]. A 
whole-genome screen has also been done to identify genes 
necessary for the extended lifespan of daf-2 mutants using 
similar methods [68]. 

The screens mentioned so far have involved deletions or 
hypomorphs. In Drosophila, a Gene Search [69] gain-of- 
function screen identified wdb, the PP2A regulatory subunit, 
as well as the serine-threonine kinase Ikbl [70]. In addition, 
a misexpression screen [71] identified 45 genes including 
many involved in translation, as well as some involved in 
transcriptional regulation such as the gug histone deacety- 
lase, and one surrogate screen for increased resistance to 
multiple stresses [72] identified a lifespan-extending effect 
from reduced expression of masl alpha 1,2 mannosidase 1, 
with another identifying heat shock proteins again, among 
others [73]. An early screen for Drosophila lifespan using P- 
element insertion [74] identified the methuselah (mth) gene. 

WHOLE GENOME EXPRESSION PROFILING OF 
AGING AND LIFESPAN 

Another approach that has been used to look at aging at 
the genome level is whole genome expression profiling [75] 
(see also the accompanying review in this issue from Hou et 
al. [76]). Two broad classes of these studies are apparent. 
The first is studies that look at transcriptome-wide changes 
as organisms age. These results naturally suggest useful 
biomarkers, as well as the underlying changes (which cannot 
always be assigned to cause vs. effect) present during natural 
aging. Recently, Budovskaya et al. used microarrays to iden- 
tify 1294 genes that change during aging in C. elegans, and 
found that many of them were regulated by a shared elt-3/elt- 
5lelt-6 transcriptional circuit [77], while Vinuela et al. have 
shown 1772 genes with increased variation during aging in 
C. elegans [78] using eQTL. Previous work studying whole- 
transcriptome changes has shown a decrease in heat-shock 
protein expression and an increase in transposase expression 
over the course of worm aging [79]. Within a genetically 
identical population of animals raised in a controlled homo- 
geneous environment, there is a distribution of lifespans 
among individuals, and the source of the variation is not 
fully understood. Golden et al. have performed microarray 
analysis of individual wild type and daf-2 hypomorph worms 
during aging, finding among other things that again heat- 
shock proteins show significant variation with age [80, 81]. 
In agreement with these findings, heat shock protein hsp- 
16.2 expression has been shown to predict individual 
lifespan in a genetically homogenous population of worms 
[82,83]. 
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Just as screens for extended lifespan have been shown to 
have a significant overlap between S. cerevisiae and C. ele- 
gans [66, 67], whole-transcriptome changes during aging in 
C. elegans and D. melanogaster have been shown to be 
highly correlated [84], again suggesting that findings of 
these genome-scale experiments may be well conserved be- 
tween other distantly related organisms including humans. 

The second set of studies has looked at changes between 
long-lived mutants and either the wild-type organism or an 
appropriate short-lived control. In S. pombe, the overexpres- 
sion of ecll family genes extends chronological lifespan, and 
microarray analysis of these strains shows an upregulation of 
genes involved in sexual development and stress response 
[85]. In S. cerevisiae, loss of Isclp shortens chronological 
lifespan, and microarray analysis showed an upregulation of 
the yeast iron regulon, possibly leading to increased hy- 
droxyl radical levels via the iron-catalyzed Fenton reaction 
[86]. 

In Drosophila, whole-transcriptome analysis has been 
done for long-lived Lnk mutants [87], showing changes in 
IIS and Ras/MapK signalling, as well as overall lipid and 
carbohydrate metabolism. In mammals, whole-transcriptome 
data has been collected for caloric restriction [88-90] and 
resveratrol treatment [91], both of which have life-extending 
effects at least under some conditions. With caloric restric- 
tion in rats [88], upregulation of Nr4a nuclear receptors was 
seen, while in mice, one study saw an upregulation of genes 
involved in inhibition of oxidative stress, inflammation, and 
tumorigenesis [90], while another saw feminization of the 
gene expression profile in male mice [89]. With resveratrol 
treatment, microarray results showed a downreglation of Ras 
and ubiquitin pathways, as evidenced by lowered expression 
of Ras-GRFl, RAC3, and UBE2D3. In C. elegans, whole- 
transcriptome analysis has been done for diallyl disulfide 
treatment [92], resveratrol treatment [93], long telomeres 
[94], and long vs. short lived daf-12 alleles [95]. Whole ge- 
nome O-Glc-NAc levels have been assayed by ChlP-CHIP 
in lifespan-altering oga-1 and ogt-1 O-Glc-NAc processing 
mutants [96]. Additionally, whole-genome translational pro- 
filing has been done of ifh-l(RNAi) worms; ifh-1 is the C. 
elegans eIF4G [97]. The transcription factor that has been 
examined most closely may be DAF-16 [98], whose likely 
targets have been studied at the whole genome level via dif- 
ferential display PCR [99], SAGE [100], microarray s [101- 
104], ChIP [105], and DNA adenine methyltransferase iden- 
tification (DamID) [ 1 06, 1 07] . 

As with the whole-genome longevity screens, there is a 
striking overlap between several of these studies in some 
specifics, and they have proved extraordinarily fruitful over- 
all in identifying genes for further study. It is also true that 
there are in some cases statistically significant overlaps be- 
tween, e.g., the lists of likely DAF-16 targets generated in 
different studies. Nevertheless, the discordance of these lists 
of putative targets bears some thought. As has been noted, 
just as in the case of the whole genome longevity screens, 
there are significant differences in the exact protocols used to 
generate biological samples in the various studies. Also sig- 
nificant are the large differences that these high-throughput, 
large data set methods have between platforms, as well as 
lab and equipment settings. These issues have also been 



commented on extensively (see e.g. [108, 109]). As with the 
longevity screens, this incomplete concordance suggests at a 
minimum that additional targets or downstream effectors 
probably remain to be identified. Given the inherent signal- 
to-noise levels of simultaneous whole genome measure- 
ments, very large numbers of replicate measurements may 
drive convergence, and this should be increasingly feasible 
as the cost and time requirements per sample continue to 
drop rapidly. This inter-platform and inter-lab variance that 
has been observed, combined with the time and cost effi- 
ciency increases, may also suggest that when attempting to 
combine disparate sources of longevity to identify a shared 
whole transcriptome or whole proteome signature, generat- 
ing all data in a single lab using a consistent platform could 
have an edge over meta- analyzing data from a wide variety 
of sources. 

OTHER SYSTEMS-LEVEL INVESTIGATIONS 

Increasingly, the use of other genome-scale datasets has 
been leveraged to optimize candidate selection for lifespan 
testing. With current high quality tools for mining of pub- 
lished data sets such as WormMart [110] and YeastMine 
[111], and for generation of networks based on known gene 
interactions such as GeneMania [112] and Cytoscape [113], 
as well as for identifying cross-species orthology relation- 
ships [114], network-based thinking has been increasingly 
applied to the study of aging and lifespan [115-118]. Re- 
cently, the novel computational method of network identifi- 
cation by regression (NIR) [119] has been used to identify 
new lifespan effects, by using transcriptional perturbations to 
build a model of functional interactions [118]. Although we 
have focused here on the most widely studied model organ- 
isms, others such as the previously mentioned S. pombe, P. 
anserina, and N. crassa, as well as the rapidly developing 
vertebrate model system N. furzeri [120, 121], will greatly 
contribute to this cross-species leverage in systems-level 
investigations of aging. 

Other recent work has used metabolomics to suggest 
likely long-lived deletions in S. cerevisiae [122], by using 
the metabolic fingerprints of known long-lived deletion 
strains to generate a classifier based on an orthogonal projec- 
tion to latent structure [123], which was then used to suc- 
cessfully predict novel long-lived deletion strains based on 
their metabolomics profiles. 

Finally, two studies have looked at changes in protein 
solubility over the course of natural aging using complete- 
proteome surveys by iTRAQ [124, 125]. In one of these stud- 
ies [125], several hundred proteins were found to become in- 
soluble with age. These were shown to be enriched for beta 
sheets, and overall protein aggregation and insolubility was 
delayed in long-lived insulin signalling mutants. In the second 
study [124], 203 proteins were identified that became SDS 
insoluble with age, and a higher proportion (41%) of these 
genes' knockdown by RNAi could extend lifespan than the 
proportion (18%) of a control group of genes. 

FUTURE DIRECTIONS: HIGHER RESOLUTION 
DATA VIA HIGHER THROUGHPUT ASSAYS 

One inescapable conclusion of the aggregate results of 
genome- wide studies of aging to date (see summary Table 1) 
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Authors 


Year 


PMID 


Organism 


Summary 


Powers, R.W. 3rd et al. 


2006 


16418483 


S. cerevisiae 


Measurement of chronological lifespan in approximately 4800 yeast single-gene 
deletion strains. 


Matecic, M. et al. 


2010 


20421943 


S. cerevisiae 


Microarray-based pooled screen for chronological lifespan. 


Kaeberlein, M. et al. 


2005 


16293764 


S. cerevisiae 


Screen of a subset of the yeast deletion collection for altered replicative lifespan. 


Dillin, A. et al. 


2002 


12471266 


C. elegans 


Lifespan screen of Chromosome I using the Ahringer RNAi library. 


Lee, S.S. et al. 


2003 


12447374 


C. elegans 


Lifespan screen of Chromosomes I and II using the Ahringer RNAi library. 


Hamilton, B. et al. 


2005 


15998808 


C. elegans 


Lifespan screen of 16,475 RNAi clones using the Ahringer RNAi library. 


Hansen, M. et al. 


2005 


16103914 


C. elegans 


Lifespan screen of 13,417 RNAi clones using the Ahringer RNAi library. 


Curran, S.P., et al. 


2007 


17411345 


C. elegans 


Lifespan screen of 2700 genes essential for viability by RNAi at adulthood. 


Chen, D. et al. 


2007 


17521386 


C. elegans 


Lifespan screen of 57 genes with a larval arrest RNAi phenotype by RNAi at adulthood. 


Samuelson, A. V. et al. 


2007 


18006689 


C. elegans 


Genome-wide RNAi screen for suppression of the extended lifespan of daf-2 mutants. 


Funakoshi, M. et al. 


2011 


21281604 


D. melanogaster 


Gain-of-function lifespan screen using the gene search system. 


Paik, D. et al. 


2012 


22366109 


D. melanogaster 


Lifespan screen by EP-element misexpression. 


Budovskaya, Y.V. et al. 


2008 


18662544 


C. elegans 


Identification of 1294 genes whose expression changes with age from whole- 
transcriptome array data. 


Vinuela, A. etal. 


2010 


20488933 


C. elegans 


Identification of 1772 genes with increased variation with age using eQTL. 


Lund, J. et al. 


2002 


12372248 


C. elegans 


Whole-transcriptome examination of expression changes during aging. 


Yoshida, R. etal. 


2010 


20550517 


S. cerevisiae 


Classification of likely long-lived yeast deletions by metabolomic fingerprint. 


Reis-Rodrigues, P. et al. 


2012 


22103665 


C. elegans 


Global analysis of protein solubility during aging using iTRAQ 


David, D.C. et al. 


2010 


20711477 


C. elegans 


Global analysis of protein aggregation during aging using iTRAQ 



is that we have not come close to saturating the number of 
potentially lifespan-altering genes in any organism. This is in 
no small part because directly generating survival curves is a 
relatively time-consuming process in most model organisms 
using current methods. There are several possible ways to 
address this. One way that has been tried is by attempting to 
find surrogate phenotypes [72, 73, 126] that can be screened 
more rapidly, or even scored under selection. Another is 
mining candidates from the many whole-genome expression 
profiles. Results to date with these have been very fruitful, 
but have not suggested that these methods alone will rapidly 
saturate our search for lifespan- and healthspan-altering 
genes in tractable model organisms. 

For multiple measurements of the same genome-wide 
assay, repeated experiments within one lab and platform may 
offer an advantage to meta-analysis due to reduced variance, 
in particular as the cost per experiment drops rapidly. On the 
other hand, there is another way in which data may be lever- 
aged synergistically: across disparate measurements. Easily 
queryable databases of protein-protein binding, synthetic 
sick / lethal interactions, and myriad other phenotypes are 
appearing online at an increasing rate, and increasingly be- 
coming integrated in their data export formats. Therefore, it 
is increasingly possible to compare longevity or expression 
datasets to a wide range of other datasets, which may help 



cobble together the aging data into a more coherent level of 
understanding. 

Another way forward would be to generate robust, high 
resolution survival curve data genome-wide for these organ- 
isms. Because of the huge number of individual lifespan ex- 
periments involved, the idea of a future where almost every 
gene on Wormbase, Flybase, or SGD displays a high resolu- 
tion, statistically meaningful survival curve alongside its 
corresponding control has been until recently difficult to 
imagine. However, rapidly developing methods for automa- 
tion of lifespan assays may soon make this level of data 
commonplace. 

In yeast, the chronological lifespan assay has already 
been well automated [26, 31], and two automated, microflu- 
idics-based methods have recently been published [127, 128] 
which may soon greatly increase the throughput for the yeast 
replicative lifespan (RLS) assay. Additionally, a genetic se- 
lection for mother vs. daughter cells has also been used to 
increase throughput relative to standard micro-dissection for 
RLS [129]. In worms, a microfluidics-based approach has 
recently been described [130, 131], as well as a 96- well 
[132] and 384-well [133] plate-based assay. When attempt- 
ing to extrapolate gains in high throughput data, it is impor- 
tant not to underestimate the exponential increase in capabil- 
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ity provided by rapid advances in the underlying nascent 
technologies; remember that in the case of the human ge- 
nome, an optimistic early estimate for completion was 2050. 
The rate of increase in technological advancement provides a 
great deal of optimism that intense focus on aging will yield 
a systems level understanding of this complex process in a 
not-too-distant timeframe. 

CONFLICT OF INTEREST 

The author(s) confirm that this article content has no con- 
flicts of interest. 

ACKNOWLEDGEMENT 

Declared none. 

REFERENCES 

[I] Haldane, J.B.S. New Paths in Genetics. 1 ed. 1942, London: 
Harper. 

[2] Medawar, P.B. An Unsolved Problem of Biology. 1 ed. 1952, 

London: H.K. Lewis and Co. 24. 
[3] Gems, D.; Partridge, L. Insulin/IGF signalling and ageing: seeing 

the bigger picture. Curr Opin Genet Dev. 2001, 77(3), 287-92. 
[4] Kenyon, C. The plasticity of aging: insights from long-lived 

mutants. Cell, 2005, 720(4), 449-60. 
[5] Panowski, S.H.; Dillin, A. Signals of youth: endocrine regulation of 

aging in Caenorhabditis elegans. Trends Endocrinol Metab, 2009, 

20(6), 259-64. 

[6] Piper, M.D.; Selman, C; McElwee, J.J.; Partridge, L. Separating 
cause from effect: how does insulin/IGF signalling control 
lifespan in worms, flies and mice? J Intern Med, 2008, 263(2), 
179-91. 

[7] Tatar, M.; Bartke, A.; Antebi, A. The endocrine regulation of aging 
by insulin-like signals. Science, 2003, 299(561 1), 1346-51. 

[81 Jia, K.; Chen, D.; Riddle, D.L. The TOR pathway interacts with the 
insulin signaling pathway to regulate C. elegans larval 
development, metabolism and life span. Development, 2004, 
737(16), 3897-906. 

[91 Kaeberlein, M; Powers, R.W., 3rd; Steffen, K.K.; Westman, E.A.; 
Hu, D.; Dang, N.; Kerr, E.O.; Kirkland, K.T.; Fields, S.; Kennedy, 
B.K. Regulation of yeast replicative life span by TOR and Sch9 in 
response to nutrients. Science, 2005, 370(5751), 1193-6. 

[10] Kapahi, P.; Zid, B.M.; Harper, T.; Koslover, D.; Sapin, V.; Benzer, 
S. Regulation of lifespan in Drosophila by modulation of genes in 
the TOR signaling pathway. Curr Biol, 2004, 74(10), 885-90. 

[II] Vellai, T.; Takacs-Vellai, K.; Zhang, Y.; Kovacs, A.L.; Orosz, L.; 
Muller, F. Genetics: influence of TOR kinase on lifespan in C. 
elegans. Nature, 2003, 426(6967), 620. 

[12] Friedman, D.B.; Johnson, T.E. A mutation in the age-1 gene in 

Caenorhabditis elegans lengthens life and reduces hermaphrodite 

fertility. Genetics, 1988, 778(1), 75-86. 
[13] Kenyon, C; Chang, J.; Gensch, E.; Rudner, A.; Tabtiang, R. A C. 

elegans mutant that lives twice as long as wild type. Nature, 1993, 

366(6454), 461-4. 

[14] Kimura, K.D.; Tissenbaum, H.A.; Liu, Y.; Ruvkun, G. daf-2, an 
insulin receptor-like gene that regulates longevity and diapause in 
Caenorhabditis elegans. Science, 1997, 277(5328), 942-6. 

[15] Kennedy, B.K.; Austriaco, N.R., Jr.; Zhang, J.; Guarente, L. 
Mutation in the silencing gene SIR4 can delay aging in S. 
cerevisiae. Cell, 1995, 80(3), 485-96. 

[16] Bennett, C.F.; Yanos, M.; Kaeberlein, M. Genome-wide RNAi 
longevity screens in Caenorhabditis elegans. Curr Genomics, 2012, 
This issue. 

[17] Gonidakis, S.; Finkel, S.E.; Longo, V.D. Genome-wide screen 
identifies Escherichia coli TCA-cycle-related mutants with 
extended chronological lifespan dependent on acetate metabolism 
and the hypoxia-inducible transcription factor ArcA. Aging Cell, 
2010, 9(5), 868-81. 

[18] Chen, B.R.; Runge, K.W. Genetic approaches to aging in budding 
and fission yeasts: new connections and new opportunities. Subcell 
Biochem, 2012, 57, 291-314. 



[19] Roux, A.E.; Quissac, A.; Chartrand, P.; Ferbeyre, G.; Rokeach, 
LA. Regulation of chronological aging in Schizosaccharomyces 
pombe by the protein kinases Pkal and Sck2. Aging Cell, 2006, 
5(4), 345-57. 

[20] Osiewacz, H.D. Mitochondrial quality control in aging and lifespan 

control of the fungal aging model Podospora anserina. Biochem Soc 

Trans, 2011, 39(5), 1488-92. 
[21] Esser, K.; Keller, W. Genes inhibiting senescence in the 

ascomycete Podospora anserina. Mol Gen Genet, 1976, 744(1), 

107-10. 

[22] Turker, M.S.; Nelson, J.G.; Cummings, D.J. A Podospora anserina 

longevity mutant with a temperature-sensitive phenotype for 

senescence. Mol Cell Biol, 1987, 7(9), 3199-204. 
[23] Kothe, G.O.; Kitamura, M.; Masutani, M.; Selker, E.U.; Inoue, H. 

PARP is involved in replicative aging in Neurospora crassa. Fungal 

Genet Biol, 2010, 47(4), 297 -309. 
[24] Fabrizio, P.; Liou, L.L.; Moy, V.N.; Diaspro, A.; Valentine, J.S.; 

Gralla, E.B.; Longo, V.D. SOD2 functions downstream of Sch9 to 

extend longevity in yeast. Genetics, 2003, 763(1), 35-46. 
[25] Murakami, C; Kaeberlein, M. Quantifying yeast chronological life 

span by outgrowth of aged cells. / Vis Exp, 2009(27). 
[26] Wu, Z.; Song, L.; Liu, S.Q.; Huang, D. A high throughput 

screening assay for determination of chronological lifespan of 

yeast. Exp Gerontol, 2011, 46(11), 915-22. 
[27] Longo, V.D., Shadel, G.S., Kaeberlein, M. and Kennedy, B.K. 

Replicative and chronological aging in the yeast Saccharomyces 

cerevisiae. Cell Metab., 2012, In Press. 
[28] Mortimer, R.K.; Johnston, J.R. Life span of individual yeast cells. 

Nature, 1959, 783(4677), 1751-2. 
[29] Steffen, K.K.; Kennedy, B.K.; Kaeberlein, M. Measuring 

replicative life span in the budding yeast. J Vis Exp, 2009(28). 
[30] Winzeler, E.A.; Shoemaker, D.D.; Astromoff, A.; Liang, H.; 

Anderson, K.; Andre, B.; Bangham, R.; Benito, R.; Boeke, J.D.; 

Bussey, H.; Chu, A.M.; Connelly, C; Davis, K.; Dietrich, R; Dow, 

S.W.; El Bakkoury, M.; Foury, R; Friend, S.H.; Gentalen, E.; 

Giaever, G.; Hegemann, J.H.; Jones, T.; Laub, M.; Liao, H.; 

Liebundguth, N.; Lockhart, D.J.; Lucau-Danila, A.; Lussier, M.; 

M'Rabet, N.; Menard, P.; Mittmann, M.; Pai, C; Rebischung, C; 

Revuelta, J.L.; Riles, L.; Roberts, C.J.; Ross-MacDonald, P.; 

Scherens, B.; Snyder, M.; Sookhai-Mahadeo, S.; Storms, R.K.; 

Veronneau, S.; Voet, M.; Volckaert, G.; Ward, T.R.; Wysocki, R.; 

Yen, G.S.; Yu, K.; Zimmermann, K.; Philippsen, P.; Johnston, M.; 

Davis, R.W. Functional characterization of the S. cerevisiae 

genome by gene deletion and parallel analysis. Science, 1999, 

285(5429), 901-6. 

[31] Powers, R.W., 3rd; Kaeberlein, M.; Caldwell, S.D.; Kennedy, B.K.; 
Fields, S. Extension of chronological life span in yeast by 
decreased TOR pathway signaling. Genes Dev, 2006, 20(2), 174- 
84. 

[32] McCormick, M.A.; Tsai, S.Y; Kennedy, B.K. TOR and ageing: a 
complex pathway for a complex process. Philos Trans R Soc Lond 
B Biol Sci, 2011, 366(1561), 17-27. 

[33] Martin, D.E.; Hall, M.N. The expanding TOR signaling network. 
Curr Opin Cell Biol, 2005, 77(2), 158-66. 

[34] Beck, T.; Hall, M.N. The TOR signalling pathway controls nuclear 
localization of nutrient-regulated transcription factors. Nature, 
1999, 402(6762), 689-92. 

[35] Cardenas, M.E.; Cutler, N.S.; Lorenz, M.C.; Di Como, C.J.; 
Heitman, J. The TOR signaling cascade regulates gene expression 
in response to nutrients. Genes Dev, 1999, 73(24), 3271-9. 

[36] Shamji, A.F.; Kuruvilla, F.G.; Schreiber, S.L. Partitioning the 
transcriptional program induced by rapamycin among the effectors 
of the Tor proteins. Curr Biol, 2000, 70(24), 1574-81. 

[37] Crespo, J.L.; Powers, T.; Fowler, B.; Hall, M.N. The TOR- 
controlled transcription activators GLN3, RTG1, and RTG3 are 
regulated in response to intracellular levels of glutamine. Proc Natl 
Acad Sci US A, 2002, 99(10), 6784-9. 

[38] Matecic, M.; Smith, D.L.; Pan, X.; Maqani, N.; Bekiranov, S.; 
Boeke, J.D.; Smith, J.S. A microarray-based genetic screen for 
yeast chronological aging factors. PLoS Genet, 2010, 6(4), 
el000921. 

[39] Steffen, K.K.; MacKay, V.L.; Kerr, E.O.; Tsuchiya, M.; Hu, D.; 
Fox, LA.; Dang, N.; Johnston, E.D.; Oakes, J.A.; Tchao, B.N.; 
Pak, D.N.; Fields, S.; Kennedy, B.K.; Kaeberlein, M. Yeast life 
span extension by depletion of 60s ribosomal subunits is mediated 
by Gcn4. Cell, 2008, 733(2), 292-302. 



Genome-Scale Studies of Aging: Challenges and Opportunities 

[40] Steffen, K.K.; McCormick, M.A.; Pham, K.M.; Mackay, V.L.; 
Delaney, J.R.; Murakami, C.J.; Kaeberlein, M.; Kennedy, B.K. 
Ribosome Deficiency Protects Against ER Stress in 
Saccharomyces cerevisiae. Genetics, 2012. 

[41] Chiocchetti, A.; Zhou, J.; Zhu, H.; Karl, T.; Haubenreisser, O.; 
Rinnerthaler, M.; Heeren, G.; Oender, K.; Bauer, J.; Hintner, H.; 
Breitenbach, M.; Breitenbach-Koller, L. Ribosomal proteins RpllO 
and Rps6 are potent regulators of yeast replicative life span. Exp 
Gerontol, 2007, 42(4), 275-86. 

[42] Hansen, M.; Taubert, S.; Crawford, D.; Libina, N.; Lee, S.J.; 
Kenyon, C. Lifespan extension by conditions that inhibit translation 
in Caenorhabditis elegans. Aging Cell, 2007, 6(1), 95-1 10. 

[43] Kruegel, U.; Robison, B.; Dange, T.; Kahlert, G.; Delaney, J.R.; 
Kotireddy, S.; Tsuchiya, M.; Tsuchiyama, S.; Murakami, C.J.; 
Schleit, J.; Sutphin, G.; Carr, D.; Tar, K.; Dittmar, G.; Kaeberlein, 
M.; Kennedy, B.K.; Schmidt, M. Elevated proteasome capacity 
extends replicative lifespan in Saccharomyces cerevisiae. PLoS 
Genet, 2011, 7(9), el002253. 

[44] Li, W.; Gao, B.; Lee, S.M.; Bennett, K.; Fang, D. RLE- 1 , an E3 
ubiquitin ligase, regulates C. elegans aging by catalyzing DAF-16 
polyubiquitination. Dev Cell, 2007, 12(2), 235-46. 

[45] Yun, C; Stanhill, A.; Yang, Y; Zhang, Y; Haynes, CM.; Xu, 
C.F.; Neubert, T.A.; Mor, A.; Philips, M.R.; Ron, D. Proteasomal 
adaptation to environmental stress links resistance to proteotoxicity 
with longevity in Caenorhabditis elegans. Proc Natl Acad Sci U S 
A, 2008, 705(19), 7094-9. 

[46] Liu, G.; Rogers, J.; Murphy, C.T.; Rongo, C. EGF signalling 
activates the ubiquitin proteasome system to modulate C. elegans 
lifespan. EMBO J, 2011, 30(15), 2990-3003. 

[47] Ghazi, A.; Henis-Korenblit, S.; Kenyon, C. Regulation of 
Caenorhabditis elegans lifespan by a proteasomal E3 ligase 
complex. Proc Natl Acad Sci U S A, 2007, 704(14), 5947-52. 

[48] Takeda, K.; Yoshida, T.; Kikuchi, S.; Nagao, K.; Kokubu, A.; 
Pluskal, T.; Villar-Briones, A.; Nakamura, T.; Yanagida, M. 
Synergistic roles of the proteasome and autophagy for 
mitochondrial maintenance and chronological lifespan in fission 
yeast. Proc Natl Acad Sci U S A, 2010, 707(8), 3540-5. 

[49] Takeda, K.; Yanagida, M. In quiescence of fission yeast, autophagy 
and the proteasome collaborate for mitochondrial maintenance and 
longevity. Autophagy, 2010, 6(4). 

[50] Belli, G.; Gari, E.; Piedrafita, L.; Aldea, M.; Herrero, E. An 
activator/repressor dual system allows tight tetracycline-regulated 
gene expression in budding yeast. Nucleic Acids Res, 1998, 26(4), 
942-7. 

[51] Kenyon, C. The first long-lived mutants: discovery of the 
insulin/IGF- 1 pathway for ageing. Philos Trans R Soc Lond B Biol 
Sci, 2011, 366(1561), 9-16. 

[52] Johnson, T.E. Caenorhabditis elegans 2007: the premier model for 
the study of aging. Exp Gerontol, 2008, 43(1), 1-4. 

[53] Timmons, L.; Court, D.L.; Fire, A. Ingestion of bacterially 
expressed dsRNAs can produce specific and potent genetic 
interference in Caenorhabditis elegans. Gene, 2001, 265(1-2), 103- 
12. 

[54] Kamath, R.S.; Fraser, A.G.; Dong, Y; Poulin, G.; Durbin, R.; 
Gotta, M.; Kanapin, A.; Le Bot, N.; Moreno, S.; Sohrmann, M.; 
Welchman, D.P; Zipperlen, P.; Ahringer, J. Systematic functional 
analysis of the Caenorhabditis elegans genome using RNAi. 
Nature, 2003, 427(6920), 231-7. 

[55] Kamath, R.S.; Ahringer, J. Genome-wide RNAi screening in 
Caenorhabditis elegans. Methods, 2003, 30(4), 313-21. 

[56] Rual, J.F.; Ceron, J.; Koreth, J.; Hao, T.; Nicot, A.S.; Hirozane- 
Kishikawa, T.; Vandenhaute, J.; Orkin, S.H.; Hill, D.E.; van den 
Heuvel, S.; Vidal, M. Toward improving Caenorhabditis elegans 
phenome mapping with an ORFeome-based RNAi library. Genome 
Res, 2004, 74(10B), 2162-8. 

[57] Dillin, A.; Hsu, A.L.; Arantes-Oliveira, N.; Lehrer-Graiwer, J.; 
Hsin, H.; Fraser, A.G.; Kamath, R.S.; Ahringer, J.; Kenyon, C. 
Rates of behavior and aging specified by mitochondrial function 
during development Science, 2002, 295(5602), 2398-401. 

[58] Lee, S.S.; Lee, R.Y; Fraser, A.G.; Kamath, R.S.; Ahringer, J.; 
Ruvkun, G. A systematic RNAi screen identifies a critical role 
for mitochondria in C. elegans longevity. Nat Genet, 2003, 33(1), 
40-8. 

[59] Hamilton, B.; Dong, Y; Shindo, M.; Liu, W.; Odell, I.; Ruvkun, 
G.; Lee, S.S. A systematic RNAi screen for longevity genes in C. 
elegans. Genes Dev, 2005, 79(13), 1544-55. 



Current Genomics, 2012, Vol. 13, No. 7 505 

[60] Hansen, M.; Hsu, A.L.; Dillin, A.; Kenyon, C. New genes tied to 
endocrine, metabolic, and dietary regulation of lifespan from a 
Caenorhabditis elegans genomic RNAi screen. PLoS Genet, 2005, 
7(1), 119-28. 

[61] Hwang, A.B.; Jeong, D.; Lee, S.J. Mitochondria and organismal 

longevity. Curr Genomics, 2012, This issue. 
[62] Lee, S.S. Whole genome RNAi screens for increased longevity: 

important new insights but not the whole story. Exp Gerontol, 

2006,47(10), 968-73. 
[63] Lee, S.S. Interfering with longevity. Sci Aging Knowledge Environ, 

2005, 2005(35), pe26. 
[64] Curran, S.P.; Ruvkun, G. Lifespan regulation by evolutionarily 

conserved genes essential for viability. PLoS Genet, 2007, 3(4), e56. 
[65] Chen, D.; Pan, K.Z.; Palter, J.E.; Kapahi, P. Longevity determined 

by developmental arrest genes in Caenorhabditis elegans. Aging 

Cell, 2007, 6(4), 525-33. 
[66] Smith, E.D.; Tsuchiya, M.; Fox, LA.; Dang, N.; Hu, D.; Kerr, 

E.O.; Johnston, E.D.; Tchao, B.N.; Pak, D.N.; Welton, K.L.; 

Promislow, D.E.; Thomas, J.H.; Kaeberlein, M.; Kennedy, B.K. 

Quantitative evidence for conserved longevity pathways between 

divergent eukaryotic species. Genome Res, 2008, 7S(4), 564-70. 
[67] Smith, E.D.; Kennedy, B.K.; Kaeberlein, M. Genome-wide 

identification of conserved longevity genes in yeast and worms. 

Mech Ageing Dev, 2007, 72S(1), 106-11. 
[68] Samuelson, A.V.; Carr, C.E.; Ruvkun, G. Gene activities that 

mediate increased life span of C. elegans insulin-like signaling 

mutants. Genes Dev, 2007, 27(22), 2976-94. 
[69] Toba, G.; Ohsako, T.; Miyata, N.; Ohtsuka, T.; Seong, K.H.; 

Aigaki, T. The gene search system. A method for efficient 

detection and rapid molecular identification of genes in Drosophila 

melanogaster. Genetics, 1999, 757(2), 725-37. 
[70] Funakoshi, M.; Tsuda, M.; Muramatsu, K.; Hatsuda, H.; Morishita, 

S.; Aigaki, T. A gain-of-function screen identifies wdb and lkbl as 

lifespan-extending genes in Drosophila. Biochem Biophys Res 

Commun, 2011, 405(4), 667-72. 
[71] Paik, D.; Jang, Y.G.; Lee, Y.E.; Lee, Y.N.; Yamamoto, R.; Gee, 

H.Y; Yoo, S.; Bae, E.; Min, K.J.; Tatar, M.; Park, J.J. 

Misexpression screen delineates novel genes controlling 

Drosophila lifespan. Mech Ageing Dev, 2012. 
[72] Liu, Y.L.; Lu, W.C.; Brummel, T.J.; Yuh, C.H.; Lin, P.T.; Kao, 

T.Y; Li, F.Y; Liao, PC; Benzer, S.; Wang, H.D. Reduced 

expression of alpha- 1 ,2-mannosidase I extends lifespan in 

Drosophila melanogaster and Caenorhabditis elegans. Aging Cell, 

2009, 8(4), 370-9. 

[73] Wang, H.D.; Kazemi-Esfarjani, P.; Benzer, S. Multiple-stress 

analysis for isolation of Drosophila longevity genes. Proc Natl 

Acad Sci USA, 2004, 707(34), 12610-5. 
[74] Lin, Y.J.; Seroude, L.; Benzer, S. Extended life-span and stress 

resistance in the Drosophila mutant methuselah. Science, 1998, 

252(5390), 943-6. 

[75] Zahn, J.M.; Kim, S.K. Systems biology of aging in four species. 
Curr Opin Biotechnol, 2007, 78(4), 355-9. 

[76] Hou, L.; Huang, J.; Green, CD.; Boyd-Kirkum, J.; Zhang, W.; Yu, 
X.; Gong, W.; Zhou, B.; Han, J.D. Systems biology in aging: 
Linking the old and the young. Curr Genomics, 2012, this issue. 

[77] Budovskaya, Y.V.; Wu, K.; Soufhworth, L.K.; Jiang, M.; Tedesco, 
P.; Johnson, T.E.; Kim, S.K. An elt-3/elt-5/elt-6 GATA 
transcription circuit guides aging in C. elegans. Cell, 2008, 134(2), 
291-303. 

[78] Vinuela, A.; Snoek, L.B.; Riksen, J. A.; Kammenga, J.E. Genome- 
wide gene expression regulation as a function of genotype and age 
in C. elegans. Genome Res, 2010, 20(7), 929-37. 

[79] Lund, J.; Tedesco, P.; Duke, K; Wang, J.; Kim, S.K.; Johnson, 
T.E. Transcriptional profile of aging in C. elegans. Curr Biol, 2002, 
72(18), 1566-73. 

[80] Golden, T.R.; Hubbard, A.; Melov, S. Microarray analysis of 
variation in individual aging C. elegans: approaches and 
challenges. Exp Gerontol, 2006, 47(10), 1040-5. 

[81] Golden, T.R.; Melov, S. Microarray analysis of gene expression 
with age in individual nematodes. Aging Cell, 2004, 5(3), 111-24. 

[82] Rea, S.L.; Wu, D.; Cypser, J.R.; Vaupel, J.W.; Johnson, T.E. A 
stress-sensitive reporter predicts longevity in isogenic populations 
of Caenorhabditis elegans. Nat Genet, 2005, 57(8), 894-8. 

[83] Mendenhall, A.R.; Tedesco, P.M.; Taylor, L.D.; Lowe, A.; Cypser, 
J.R.; Johnson, T.E. Expression of a Single-Copy hsp-16.2 Reporter 
Predicts Life span. / Gerontol A Biol Sci Med Sci, 2012. 



506 Current Genomics, 2012, Vol. 13, No. 7 

[84] McCarroll, S.A.; Murphy, C.T.; Zou, S.; Pletcher, S.D.; Chin, C.S.; 
Jan, Y.N.; Kenyon, C; Bargmann, C.I.; Li, H. Comparing genomic 
expression patterns across species identifies shared transcriptional 
profile in aging. Nat Genet, 2004, 56(2), 197-204. 

[85] Ohtsuka, H.; Azuma, K.; Kubota, S.; Murakami, H.; Giga-Hama, 
Y.; Tohda, H.; Aiba, H. Chronological lifespan extension by Ecll 
family proteins depends on Prrl response regulator in fission yeast. 
Genes Cells, 2012, 17(1), 39-52. 

[86] Almeida, T.; Marques, M.; Mojzita, D.; Amorim, M.A.; Silva, 
R.D.; Almeida, B.; Rodrigues, P.; Ludovico, P.; Hohmann, S.; 
Moradas-Ferreira, P.; Corte-Real, M.; Costa, V. Isclp plays a key 
role in hydrogen peroxide resistance and chronological lifespan 
through modulation of iron levels and apoptosis. Mol Biol Cell, 
2008, 79(3), 865-76. 

[87] Slack, C; Werz, C; Wieser, D.; Alic, N.; Foley, A.; Stacker, H.; 
Withers, D.J.; Thornton, J.M.; Hafen, E.; Partridge, L. Regulation 
of lifespan, metabolism, and stress responses by the Drosophila 
SH2B protein, Lnk. PLoS Genet, 2010, 6(3), e 1000881. 

[88] Oita, R.C.; Mazzatti, D.J.; Lim, F.L.; Powell, J.R.; Merry, B.J. 
Whole-genome microarray analysis identifies up-regulation of 
Nr4a nuclear receptors in muscle and liver from diet-restricted rats. 
Mech Ageing Dev, 2009, 130(A), 240-7. 

[89] Estep, P.W., 3rd; Warner, J.B.; Bulyk, M.L. Short-term calorie 
restriction in male mice feminizes gene expression and alters key 
regulators of conserved aging regulatory pathways. PLoS One, 
2009, 4(4), e5242. 

[90] Swindell, W.R. Genes and gene expression modules associated 

with caloric restriction and aging in the laboratory mouse. BMC 

Genomics, 2009, 10, 585. 
[91] Stefani, M.; Markus, M.A.; Lin, R.C.; Pinese, M.; Dawes, I.W.; 

Morris, B.J. The effect of resveratrol on a cell model of human 

aging. Ann N Y Acad Sci, 2007, 1114, 407-18. 
[92] Powolny, A.A.; Singh, S.V.; Melov, S.; Hubbard, A.; Fisher, A.L. 

The garlic constituent diallyl trisulfide increases the lifespan of C. 

elegans via skn-1 activation. Exp Gerontol, 2011, 46(6), 441-52. 
[93] Viswanathan, M.; Kim, S.K.; Berdichevsky, A.; Guarente, L. A 

role for SIR-2.1 regulation of ER stress response genes in 

determining C. elegans life span. Dev Cell, 2005, 9(5), 605-15. 
[94] Park, M.C.; Park, D.; Lee, E.K.; Park, T.; Lee, J. Genomic analysis 

of the telomeric length effect on organismic lifespan in 

Caenorhabditis elegans. Biochem Biophys Res Commun, 2010, 

596(2), 382-7. 

[95] Fisher, A.L.; Lithgow, G.J. The nuclear hormone receptor DAF-12 
has opposing effects on Caenorhabditis elegans lifespan and 
regulates genes repressed in multiple long-lived worms. Aging Cell, 
2006, 5(2), 127-38. 

[96] Rahman, M.M.; Stuchlick, O.; El-Karim, E.G.; Stuart, R.; Kipreos, 
E.T.; Wells, L. Intracellular protein glycosylation modulates insulin 
mediated lifespan in C.elegans. Aging (Albany NY), 2010, 2(10), 
678-90. 

[97] Rogers, A.N.; Chen, D.; McColl, G.; Czerwieniec, G.; Felkey, K.; 

Gibson, B.W.; Hubbard, A.; Melov, S.; Lithgow, G.J.; Kapahi, P. 

Life span extension via eIF4G inhibition is mediated by 

posttranscriptional remodeling of stress response gene expression 

in C. elegans. Cell Metab, 2011, 74(1), 55-66. 
[98] Murphy, C.T. The search for DAF-16/FOXO transcriptional 

targets: approaches and discoveries. Exp Gerontol, 2006, 47(10), 

910-21. 

[99] Yu, H.; Larsen, PL. DAF- 1 6-dependent and independent expression 

targets of DAF-2 insulin receptor-like pathway in Caenorhabditis 

elegans include FKBPs. J Mol Biol, 2001, 574(5), 1017-28. 
[100] Halaschek-Wiener, J.; Khattra, J.S.; McKay, S.; Pouzyrev, A.; 

Stott, J.M.; Yang, G.S.; Holt, R.A.; Jones, S.J.; Marra, M.A.; 

Brooks-Wilson, A.R.; Riddle, D.L. Analysis of long-lived C. 

elegans daf-2 mutants using serial analysis of gene expression. 

Genome Res, 2005, 75(5), 603-15. 
[101] McElwee, J.; Bubb, K.; Thomas, J.H. Transcriptional outputs of the 

Caenorhabditis elegans forkhead protein DAF- 16. Aging Cell, 

2003,2(2), 111-21. 
[102] Murphy, C.T.; McCarroll, S.A.; Bargmann, C.I.; Fraser, A.; 

Kamath, R.S.; Ahringer, J.; Li, H.; Kenyon, C. Genes that act 

downstream of DAF- 1 6 to influence the lifespan of Caenorhabditis 

elegans. Nature, 2003, 424(6946), 277-83. 
[103] McCormick, M.; Chen, K.; Ramaswamy, P.; Kenyon, C. New 

genes that extend Caenorhabditis elegans' lifespan in response to 

reproductive signals. Aging Cell, 2012, 77(2), 192-202. 



McCormick and Kennedy 

[104] McElwee, J.J.; Schuster, E.; Blanc, E.; Thomas, J.H.; Gems, D. 
Shared transcriptional signature in Caenorhabditis elegans Dauer 
larvae and long-lived daf-2 mutants implicates detoxification system 
in longevity assurance. J Biol Chem, 2004, 279(43), 44533-43. 

[105] Oh, S.W.; Mukhopadhyay, A.; Dixit, B.L.; Raha, T.; Green, M.R.; 
Tissenbaum, HA. Identification of direct DAF-16 targets 
controlling longevity, metabolism and diapause by chromatin 
immunoprecipitation. Nat Genet, 2006, 38(2), 251-7. 

[106] Schuster, E.; McElwee, J.J.; Tullet, J.M.; Doonan, R.; Matthijssens, 
F.; Reece-Hoyes, J.S.; Hope, LA.; Vanfleteren, J.R.; Thornton, 
J.M.; Gems, D. DamID in C. elegans reveals longevity-associated 
targets of DAF-16/FoxO. Mol Syst Biol, 2010, 6, 399. 

[107] van Steensel, B.; Henikoff, S. Identification of in vivo DNA targets 
of chromatin proteins using tethered dam methyltransferase. Nat 
Biotechnol, 2000, 78(4), 424-8. 

[108] Yauk, C.L.; Berndt, M.L.; Williams, A.; Douglas, G.R. 
Comprehensive comparison of six microarray technologies. 
Nucleic Acids Res, 2004, 52(15), el24. 

[109] Wang, H.; He, X.; Band, M.; Wilson, C; Liu, L. A study of inter- 
lab and inter-platform agreement of DNA microarray data. BMC 
Genomics, 2005, 6, 71. 

[110] Schwarz, E.M.; Antoshechkin, I.; Bastiani, C; Bieri, T.; Blasiar, 
D.; Canaran, P.; Chan, J.; Chen, N.; Chen, W.J.; Davis, P.; Fiedler, 
T.J.; Girard, L.; Harris, T.W.; Kenny, E.E.; Kishore, R.; Lawson, 
D.; Lee, R.; Muller, H.M.; Nakamura, C; Ozersky, P.; Petcherski, 
A.; Rogers, A.; Spooner, W.; Tuli, M.A.; Van Auken, K.; Wang, 
D.; Durbin, R.; Spieth, J.; Stein, L.D.; Sternberg, PW. WormBase: 
better software, richer content. Nucleic Acids Res, 2006, 
54(Database issue), D475-8. 

[Ill] Balakrishnan, R.; Park, J.; Karra, K.; Hitz, B.C.; Binkley, G.; 
Hong, E.L.; Sullivan, J.; Micklem, G.; Michael Cherry, J. 
YeastMine— an integrated data warehouse for Saccharomyces 
cerevisiae data as a multipurpose tool-kit. Database (Oxford), 
2012, 2072, bar062. 

[112] Warde-Farley, D.; Donaldson, S.L.; Comes, O.; Zuberi, K.; Badrawi, 
R.; Chao, P.; Franz, M.; Grouios, C; Kazi, F; Lopes, C.T.; Maitland, 

A. ; Mostafavi, S.; Montojo, J.; Shao, Q.; Wright, G.; Bader, G.D.; 
Morris, Q. The GeneMANIA prediction server: biological network 
integration for gene prioritization and predicting gene function. 
Nucleic Acids Res, 2010, 5S(Web Server issue), W2 14-20. 

[113] Cline, M.S.; Smoot, M.; Cerami, E.; Kuchinsky, A.; Landys, N.; 
Workman, C; Christmas, R.; Avila-Campilo, I.; Creech, M.; Gross, 

B. ; Hanspers, K.; Isserlin, R.; Kelley, R.; Killcoyne, S.; Lotia, S.; 
Maere, S.; Morris, J.; Ono, K.; Pavlovic, V.; Pico, A.R.; Vailaya, A.; 
Wang, PL.; Adler, A.; Conklin, B.R.; Hood, L.; Kuiper, M.; Sander, 
C; Schmulevich, I.; Schwikowski, B.; Warner, G.J.; Ideker, T.; 
Bader, G.D. Integration of biological networks and gene expression 
data using Cytoscape. NatProtoc, 2007, 2(10), 2366-82. 

[114] Remm, M.; Storm, C.E.; Sonnhammer, E.L. Automatic clustering 
of orfhologs and in-paralogs from pairwise species comparisons. J 
Mol Biol, 2001, 574(5), 1041-52. 

[115] Promislow, D.E. Protein networks, pleiotropy and the evolution of 
senescence. Proc Biol Sci, 2004, 277(1545), 1225-34. 

[116] Kowald, A.; Kirkwood, T.B. A network theory of ageing: the 
interactions of defective mitochondria, aberrant proteins, free 
radicals and scavengers in the ageing process. Mutat Res, 1996, 
576(5-6), 209-36. 

[117] Kirkwood, T.B.; Kowald, A. Network theory of aging. Exp 

Gerontol, 1997, 52(4-5), 395-9. 
[118] Lorenz, D.R.; Cantor, C.R.; Collins, J.J. A network biology 

approach to aging in yeast. Proc Natl Acad Sci USA, 2009, 

706(4), 1145-50. 

[119] Gardner, T.S.; di Bernardo, D.; Lorenz, D.; Collins, J.J. Inferring 
genetic networks and identifying compound mode of action via 
expression profiling. Science, 2003, 507(5629), 102-5. 

[120] Valenzano, D.R.; Sharp, S.; Brunei, A. Transposon-Mediated 
Transgenesis in the Short-Lived African Killifish Nothobranchius 
furzeri, a Vertebrate Model for Aging. G3 (Bethesda), 2011, 7(7), 
531-8. 

[121] Hartmann, N.; Englert, C. A microinjection protocol for the 
generation of transgenic killifish (species: Nothobranchius furzeri). 
Dev Dyn, 2012. 

[122] Yoshida, R.; Tamura, T.; Takaoka, C; Harada, K.; Kobayashi, A.; 
Mukai, Y; Fukusaki, E. Metabolomics-based systematic prediction 
of yeast lifespan and its application for semi-rational screening of 
ageing-related mutants. Aging Cell, 2010, 9(4), 616-25. 



Genome-Scale Studies of Aging: Challenges and Opportunities 

[123] Eriksson, L.; Antti, H.; Gottfries, J.; Holmes, E.; Johansson, E.; 
Lindgren, F.; Long, I.; Lundstedt, T.; Trygg, J.; Wold, S. Using 
chemometrics for navigating in the large data sets of genomics, 
proteomics, and metabonomics (gpm). Anal Bioanal Chem, 2004, 
380(3), 419-29. 

[124] Reis-Rodrigues, P.; Czerwieniec, G.; Peters, T.W.; Evani, U.S.; 
Alavez, S.; Gaman, E.A.; Vantipalli, M.; Mooney, S.D.; Gibson, 
B.W.; Lithgow, G.J.; Hughes, R.E. Proteomic analysis of age- 
dependent changes in protein solubility identifies genes that 
modulate lifespan. Aging Cell, 2012, 77(1), 120-7. 

[125] David, D.C.; Ollikainen, N.; Trinidad, J.C.; Cary, M.P.; 
Burlingame, A.L.; Kenyon, C. Widespread protein aggregation as 
an inherent part of aging in C. elegans. PLoS Biol, 2010, 8(8), 
el 000450. 

[126] Kim, Y.; Sun, H. Functional genomic approach to identify novel 
genes involved in the regulation of oxidative stress resistance and 
animal lifespan. Aging Cell, 2007, 6(4), 489-503. 

[127] Lee, S.S.; Vizcarra, LA.; Huberts, D.H.; Lee, L.P.; Heinemann, M. 
Whole lifespan microscopic observation of budding yeast aging 
through a microfluidic dissection platform. Proc Natl Acad Sci U S 
A, 2012, 709(13), 4916-20. 



Current Genomics, 2012, Vol. 13, No. 7 507 

[128] Xie, Z.; Zhang, Y.; Zou, K.; Brandman, O.; Luo, C; Ouyang, Q.; 

Li, H. Molecular Phenotyping of Aging in Single Yeast Cells Using 

a Novel Microfluidic Device. Aging Cell, 2012. 
[129] Lindstrom, D.L.; Gottschling, D.E. The mother enrichment 

program: a genetic system for facile replicative life span analysis in 

Saccharomyces cerevisiae. Genetics, 2009, 783(2), 413-22, 1SI- 

13SI. 

[130] Hulme, S.E.; Shevkoplyas, S.S.; McGuigan, A.P.; Apfeld, J.; 
Fontana, W.; Whitesides, G.M. Lifespan-on-a-chip: microfluidic 
chambers for performing lifelong observation of C. elegans. Lab 
Chip, 2010, 70(5), 589-97. 

[131] Hulme, S.E.; Shevkoplyas, S.S.; Apfeld, J.; Fontana, W.; 
Whitesides, G.M. A microfabricated array of clamps for 
immobilizing and imaging C. elegans. Lab Chip, 2007, 7(11), 
1515-23. 

[132] Solis, G.M.; Petrascheck, M. Measuring Caenorhabditis elegans 
life span in 96 well microtiter plates. / Vis Exp, 2011(49). 

[133] Petrascheck, M.; Ye, X.; Buck, L.B. An antidepressant that extends 
lifespan in adult Caenorhabditis elegans. Nature, 2007, 450(7169), 
553-6. 



